Introduction
The endoplasmic reticulum (ER) and the Golgi complex both maintain their specific morphology, composition and function in spite of the exchange of proteins and lipids between the two organelles through vesicular transport. The morphology of the Golgi complex is closely linked to the balance between anterograde (ERto-Golgi) and retrograde (Golgi-to-ER) transport. It has been reported that the inhibition of anterograde transport leads to the redistribution of Golgi components to the cytoplasm or the ER (Storrie et al., 1998; Ward et al., 2001; Miles et al., 2001) . Inhibition of anterograde transport at the onset of mitosis also results in theYip1A in Golgi-to-ER transport affected the fusion competence of ER-derived vesicles (Barrowman et al., 2003) . These results indicate that Yip1p is involved in anterograde transport from the ER to the Golgi.
Although human Yip1A (official symbol YIPF5) can rescue the Yip1 mutant, little is known about the function of mammalian Yip1A. Yip1A is a transmembrane protein that localizes to the Golgi and to ER-exit sites (ERES) (Tang et al., 2001) , and to the ERGolgi intermediate compartment (ERGIC) (Yoshida et al., 2008) . Tang and co-workers (Tang et al., 2001 ) demonstrated that Yip1A binds to Sec23 and Sec24, which are components of COPII vesicles, and that overexpression of the soluble N-terminal domain of Yip1A arrests the transport of VSVGts045, which is a temperaturesensitive mutant of vesicular stomatitis virus G (VSVG) protein and a marker of vesicular transport, not in the ER network, but at the juxtanuclear region. Yip1A also interacts with Yif1, another member of the Yip family, and localizes Yif1 to the Golgi complex (Jin et al., 2005) . Thus, the function and localization of mammalian Yip1A are still controversial.
In this study, we raised a polyclonal antibody against a soluble N-terminal peptide of Yip1A, and investigated the localization of endogenous Yip1A. We also examined the effect of Yip1A knockdown by RNA interference (RNAi) on the morphology of various organelles that are involved in vesicular transport. In addition, we assessed the role of Yip1A in different transport pathways and found that Yip1A has a role in COPI-independent retrograde transport from the Golgi to the ER by regulating the membrane association of Rab6.
Results

Yip1A localizes to the ERGIC
We generated rabbit polyclonal antibodies against several mouse Yip1A peptides, and found that one of these antibodies, which was directed against the peptide that encodes amino acids 35-54 of mouse Yip1A, could recognize endogenous Yip1A in HeLa cells (Fig. 1A , control RNAi) and CHO cells (F.K., unpublished). We performed dual immunofluorescence analysis using our anti-Yip1A antibody and antibodies against various organelle markers (ERGIC53 for the ERGIC, GM130 for the cis-Golgi, p230 for the trans-Golgi, and Sec31A for the ERES) ( Fig. 1C ; supplementary material Fig. S1A ), and found that Yip1A colocalized extensively with ERGIC53 (Fig. 1C ). In addition, Yip1A within the cytoplasmic punctate structures colocalized with Sec31A, the marker for the ERES (supplementary material Fig. S1A , Sec31A). Hammond and Glick (Hammond and Glick, 2000) also reported the close colocalization of ERGIC53 with COPII. By contrast, neither GM130 nor p230 completely colocalized with Yip1A (supplementary material Fig. S1A , GM130 and p230). We found that, in HeLa cells treated with 5 μg/ml brefeldin A (BFA) for 30 minutes, the endogenous Yip1A remained in punctate structures throughout the cytoplasm and these structures were stained with ERGIC53 (F.K., unpublished). These results indicated that endogenous Yip1A, which was detected by immunofluorescence using our antibody, localizes to the ERGIC. We also observed bright staining at the centrosome (Fig. 1A, control RNAi, and Fig. 1C, Yip1A) . However, the fluorescent signal around the centrosome area was not affected by knockdown of Yip1A by RNAi (Fig. 1A, Yip1A RNAi), which suggested that the signal at the centrosome might be due to non-specific staining by the antibody. We confirmed by western blotting that the amount of Yip1A protein was reduced to approximately 18% of the normal level by gene silencing of Yip1A (Fig. 1B) .
Knockdown of Yip1A by RNAi did not induce morphological changes within the ER, Golgi or ERGIC
To investigate the effect of Yip1A on the maintenance of different organelles, we examined the morphologies of various organelles in Yip1A-knockdown cells. An siRNA against human Yip1A was transfected into HeLa cells, and after a 72-hour incubation, the cells were immunostained with antibodies against various organelle markers. We used antibodies against GM130, p230 and mannosidase II to identify the Golgi, antibodies against ERGIC53 and p115 for the ERGIC, an antibody against HSP47 together with ER tracker Blue-White DPX dye for the ER, an antibody against βCOP for COPI vesicles, and an antibody against Sec31A for COPII vesicles. As shown in Fig. 1D and supplementary material Fig. S1B , the localization of these organelle markers was almost unchanged in Yip1A-knockdown cells compared with control cells. In most cases, the Golgi in the Yip1A-knockdown cells showed a normal perinuclear structure; however, some fragmented Golgi were observed in the cells. Cells were lysed 72 hours after siRNA transfection, and were subjected to western blotting using the anti-Yip1A or anti-GAPDH antibody. (C) HeLa cells were fixed and immunostained using the anti-Yip1A antibody and antibodies against ERGIC53. Scale bars: 10 μm. (D) Control or Yip1A-knockdown HeLa cells were immunostained with antibodies against GM130, p230, mannosidase II, ERGIC53, and HSP47. For ERGIC53+BFA, control or Yip1A, siRNA-transfected cells were treated with 5 μg/ml BFA at 37°C for 30 minutes, and then immunostained with the anti-ERGIC53 antibody.
Investigation of the involvement of Yip1A in different transport pathways by RNAi
To examine the effect of gene silencing of Yip1A on vesicular transport pathways, we assayed the anterograde transport of VSVG from the ER to the plasma membrane via the Golgi, and the retrograde transport of Shiga toxin (Stx) from the plasma membrane to the ER via the Golgi in Yip1A-knockdown cells.
The kinetics of VSVGts045 transport from the ER to the Golgi were measured in Yip1A-knockdown cells. The extent of VSVGts045-GFP transport for each incubation time was estimated by both morphometric analysis ( Fig. 2A,B) and the resistance to endoglycosidase-H (endo-H) (supplementary material Fig. S2A ). The kinetics of VSVG transport were indistinguishable between the control and Yip1A-knockdown cells ( Fig. 2B ; supplementary material Fig. S2A ). These results indicated that Yip1A was not involved in the anterograde transport of VSVG from the ER to the plasma membrane.
We then investigate the transport of Stx from the plasma membrane to the ER in control or Yip1A-knockdown cells by morphometric analysis. In control cells, Stx-Cy2 that had bound to cell surface receptors was endocytosed and transported to the endosomal structures within 1 hour (Fig. 2C, endosome) . These structures were confirmed as endosomes by dual immunostaining with an antibody against EEA1, an early endosome marker protein, (M.T., unpublished results). The endocytosed Stx-Cy2 was further transported to the Golgi complex (Fig. 2C , Golgi) within 2 hours, and finally reached the ER network within 3-5 hours (Fig. 2C, ER) . As shown in Fig. 2D (Golgi), the delivery of Stx-Cy2 from the plasma membrane to the Golgi in Yip1A-knockdown cells showed the same kinetics as the control cells (Fig. 2D , Golgi, 0-1 hour). After 1 hour of incubation, the amount of Stx that was accumulated in the Golgi decreased gradually, which suggested that retrograde transport of Stx from the Golgi to the ER had occurred. It should be noted that this decrease occurred more slowly in the Yip1A-knockdown cells than in the control cells (Fig. 2D , Golgi and ER, 1-5 hours). These results indicated that knockdown of Yip1A in HeLa cells affected the later stage of retrograde transport of Stx (from the Golgi to the ER) but had no effect on its earlier stage (from the plasma membrane to the Golgi via endosomes). To confirm the morphometric results, we examined the rate of cell death by Stx catalytic subunits that had been translocated from the ER luminal side to the cytoplasm and had inhibited the protein synthesis. As shown in supplementary material Fig. S2B , the rate of cell death due to Stx was also slower in the Yip1A-knockdown cells than in the control cells.
We also investigated the retrograde transport of cationindependent mannose-6-phosphate receptor that had been tagged with GFP (GFP-CI-MPR) in Yip1A-knockdown cells by FRAP (fluorescence recovery after photobleaching). The kinetics of fluorescence recovery at the juxtanuclear region in the Yip1A-knockdown cells were indistinguishable from those in the control cells (supplementary material Fig. S3 ), indicating that Yip1A is not involved in the retrograde transport of GFP-CI-MPR from the endosomes to the Golgi.
Regulation of Rab6 recruitment to the Golgi membranes by Yip1A
We focused on the localization of the Golgi-associated Rab proteins, Rab6, Rab1b and Rab33b, Saraste et al., 1995; Plutner et al., 1991; Tisdale et al., 1992; Zheng et al., 1998; Valsdottir et al., 2001; Jiang and Storrie, 2005) .
Gene silencing of Yip1A by RNAi was performed in HeLa cells. After 72 hours, the presence of Rab6, Rab1b and Rab33b in the membrane fraction and in the total cell lysate was determined and quantified by western blotting. Membrane fractions of cells were prepared according to the method described by Lawe and colleagues (Lawe et al., 2003) . As shown in Fig. 3A ,B, the level of membraneassociated Rab6 in Yip1A-knockdown cells decreased to 51.9% of that in the control, whereas the levels of membrane-associated Rab1b and Rab33b were 85.8% and 99.6%, respectively, of that in the control. We also confirmed that there was no reduction in total Rab6, Rab1b or Rab33b protein in Yip1A-knockdown cells compared with control cells (supplementary material Fig. S4 ). Next, Yip1A in Golgi-to-ER transport we examined the changes in localization of Rab6, Rab1b and Rab33b in control and Yip1A-knockdown cells by immunofluorescence. In control cells, Rab6 was observed in the Golgi region (Fig. 3C , Rab6 control RNAi). In Yip1A-knockdown cells, the fluorescence intensity of Rab6 in the Golgi region decreased to 49.7% and appeared to become blurred compared with that in control cells (Fig. 3C,D) . By contrast, Rab1b was localized to the Golgi region and cytoplasmic vesicles, and its localization and fluorescence intensity were almost identical in control and knockdown cells (Fig. 3C ,D, Rab1b). In addition, knockdown of Yip1A did not affect the localization of Rab33b to the Golgi (Fig.  3C ,D, Rab33b). These results indicated that Yip1A knockdown induced the dissociation, probably from the Golgi membranes, of Rab6, but not Rab1b or Rab33b. We also tried to investigate the effect of Yip1A knockdown on the localization of Rab1a and Rab2, which are other Golgi-associated Rab proteins. However, unfortunately, we detected non-specific staining of cytoplasmic membranous structures or microtubules by the anti-Rab1a and antiRab2 antibodies, which made it impossible to estimate the amount of Golgi-associated Rab1a and Rab2.
Soluble N-terminal peptides of Yip1A inhibited COPIindependent retrograde transport but not anterograde transport It has been reported that there are at least two different pathways of retrograde transport from the Golgi to the ER: the COPIdependent and COPI-independent pathways. Rab6 was found to regulate specifically the COPI-independent transport pathway , which includes the Golgi-to-ER transport of Stx. We investigated whether Yip1A is involved in the COPIindependent pathway alone or in both the COPI-dependent andindependent pathways. To this end, we used two types of reconstitution assay for retrograde transport: one measures the transport of GT-GFP, which comprises the first 60 amino acids of galactosyltransferase fused with GFP and is known to cycle between the ER and the Golgi (Zaal et al., 1999) in a COPI-independent manner, and the other measures the transport of GFP-tagged p58, which is a rat homologue of ERGIC53 that is known to be transported from the ERGIC to the ER in a COPI-dependent manner .
At first, we tried to use HeLa-GT cells, which stably express GT-GFP, for the retrograde transport assay, but we could not isolate suitable HeLa-GT cell lines for the FRAP experiment. So we used CHO-GT8 cells (Kano et al., 2000) , which express GT-GFP stably, and applied FRAP to compare quantitatively the extent of the transport of GT-GFP under various conditions in CHO-GT8 cells (see Materials and Methods).
For the assay, semi-intact CHO-GT8 cells were incubated with cytosol and the ATP regenerating system (cytosol and ATP). The morphology of the ER region in which fluorescence recovery was measured resembled that of the region before bleaching, and GT-GFP signal was distributed in the characteristic ER network configuration, which is connected by three-way junctions, after the assay ( Fig. 4A ; supplementary material Fig. S5A ). The fluorescent network that could initially be recovered, was continuous, which was confirmed by the complete bleach upon repeated illumination (F.K., unpublished results). In addition, fluorescence recovery in the ER region was not due to the appearance of newly synthesized GT-GFP because when both the Golgi and ER regions were photobleached simultaneously, no fluorescence recovery was observed in the ER region (F.K., unpublished results). Fig. 4B shows representative kinetics curves for fluorescence recovery within the bleached ER region. Approximately 25-30% of the fluorescence intensity was recovered in the presence of cytosol and ATP (Fig. 4B, cytosol+ATP) . In the presence of ATP alone or cytosol that contained GTPγS, under which conditions retrograde transport is inhibited (Hidalgo et al., 1995) , fluorescence recovery within the bleached ER region was reduced to less than 10% (Fig. 4B , ATP and GTPγS). The retrograde transport of GT-GFP required the addition of cytosol with a protein concentration of at least 2.5 mg/ml, together with the hydrolysis of ATP and GTP (supplementary material Fig. S5B , cytosol+ATP, ATP, AMP-PNP and GTPγS). Depolymerization of microtubules by treatment with nocodazole as described (Kano et al., 2000) resulted in the complete inhibition of transport (supplementary material Fig. S5B, nocodazole) . This was not consistent with the result described by Storrie and coworkers (Storrie et al., 1998) , who showed that VSV-tagged Nacetylgalactosaminyltransferase-2 (GalNAc-T2-VSV) accumulated gradually in the ER in Sar1H79G-expressing, nocodazole-treated cells. We suppose that disruption of the microtubules can affect retrograde transport but that intact microtubules are not essential for the process. Therefore, although we detect the inhibition of transport by nocodazole treatment during the 10-minute incubation period in our transport assay, GalNAc-T2-VSV might be able to relocate to the ER over a longer time period. Another possibility is that the difference in microtubule requirements could be due to in part to comparing an in vitro semi-intact cell system with an experiment performed in intact cells. There might be more redundant pathways in intact cells for retrograde trafficking.
We also found that, although the addition of recombinant protein of Sar1T39N, which is a GDP-restricted mutant of Sar1 and had been used to block COPII-dependent trafficking (Zaal et al., 1999; Ward et al., 2001; Stroud et al., 2003) , inhibited anterograde transport (supplementary material Fig. S6E, Sar1T39N) , it did not affect the measurements that were obtained for retrograde transport (supplementary material Fig. S5C, Sar1T39N ). This result indicated that the fluorescence recovery in the ER region in our retrograde transport assay was attributable solely to the retrograde transport of GT-GFP from the Golgi to the ER, and not to anterograde transport from the ER.
We prepared recombinant proteins that consisted of the Nterminal amino acids 1-56, 1-109 or 57-109 of Yip1A fused with GST (referred to as Yip1-56, Yip1-109 and Yip57-109, respectively) and examined their effects on the retrograde transport. We used rat liver cytosol for the following experiments because of its high protein concentration (~15 mg/ml). Rat liver cytosol had a similar ability to reconstitute vesicular trafficking in semi-intact cells as L5178Y cytosol (F.K., unpublished). Semi-intact CHO-GT8 cells were incubated with rat liver cytosol and 5 μg Yip1-56, Yip1-109, or Yip57-109, and then subjected to the transport assay. As shown in Fig. 4C , retrograde transport was inhibited by the addition of Yip1-56 or Yip1-109 (Fig. 4C , GolgirER, Yip1-56 and Yip1-109), but not by Yip57-109 (Fig. 4C , GolgirER, Yip57-109). Therefore, we supposed that the soluble N-terminal peptides inhibit the retrograde transport of GT-GFP in a competitive manner and that the first 56 amino acids of Yip1A are sufficient for the inhibition. We did not observe any inhibitory effect of anti-Yip1A antibody on the retrograde transport.
We could also reconstitute the anterograde transport of GT-GFP in semi-intact cells in the same manner (described in detail in supplementary material Fig. S6 ), and found that the transport was dependent on cytosol, hydrolysis of nucleotides, microtubule integrity, and COP II vesicles (supplementary material Fig. S6D ). Interestingly, the soluble N-terminal peptides of Yip1A had no effect on the anterograde transport (Fig. 4C, ERrGolgi) . The kinetics of fluorescence recovery in the presence or absence of the Yip1A peptides were identical (supplementary material Fig. S7 ), and we did not observe any accumulation of intermediary structures in the presence of these peptides.
The soluble N-terminal peptides of Yip1A had no effect on COPI-dependent retrograde transport Next, we investigated the effect of Yip1-56 and Yip1-109 on the retrograde transport of p58. It has been reported that p58 relocates to the ER in a COPI-dependent manner when anterograde transport is arrested by GTP-restricted Sar1 mutant protein . To reconstitute the retrograde transport of p58, we established a stable cell line, CHO-p58, in which GFP-tagged p58 is continuously expressed. GFP-p58 was observed, in CHO-p58 cells, in the juxtanuclear region and punctate structures that were scattered throughout the cytoplasm. These observations were consistent with immunofluorescence images that were obtained using an anti-ERGIC53 antibody (F.K., unpublished). To confirm that the retrograde transport of p58 in the assay is COPI dependent, we made use of an anti-βCOP antibody. Microinjection of a monoclonal anti-βCOP antibody that is directed against a synthetic peptide that encodes amino acids 496-513 of βCOP has been reported to inhibit almost completely the ER-to-Golgi transport of VSVG in tubular membranes (Pepperkok et al., 1993) . We used the same peptide (EAGE) as an antigen to raise a rabbit polyclonal anti-peptide antibody (referred to as the anti-EAGE2 antibody), and confirmed that anti-EAGE2 antibody inhibited the trafficking of VSVGts045 (supplementary material Fig. S8 ).
At first, we used FRAP to monitor the transport of GFP-p58 from the ERGIC to the ER in semi-intact CHO-p58 cells. In the absence of the dominant negative form of Sar1, the extent of fluorescence recovery in the ER network after photobleaching was very small, probably because the rate of recycling of GFP-p58 is very fast (Fig.  5A,B, cytosol) . Therefore, we could not analyze the effect of the anti-EAGE2 antibody or that of the various peptides derived from the N-terminal region of Yip1A on the retrograde transport of GFPp58 (F.K., unpublished). However, in the presence of Sar1T39N, we could detect a significant increase in fluorescence recovery at the ER and a substantial inhibitory effect of the anti-EAGE2 antibody on the transport (Fig. 5A) . The Yip1A peptides did not show any negative effects on the retrograde trafficking of p58 (Fig.  5B) .
Owing to the fact that the deviations in FRAP data were very large, we estimated the retrograde transport of GFP-p58 in semiintact CHO-p58 cells morphologically. Semi-intact CHO-p58 cells were incubated with cytosol and ATP with or without the addition of 5 μg Sar1T39N at 32°C for 1 hour, and subsequently fixed and observed by confocal microscopy. After the incubation, in the presence of cytosol and ATP with Sar1T39N (Fig. 5C, Sar1T39N) , almost all of the p58 protein had relocated to the ER network. Next, we examined the effect of the anti-EAGE2 antibody on the retrograde transport of GFP-p58 in semi-intact cells. As shown in Fig. 5B (Sar1T39N+EAGE) , the percentage of cells, in which GFPp58 localized to the ER, decreased to approximately 38% of the control, which indicated that βCOP was involved in the retrograde transport of p58. In the presence of a control antibody (normal rabbit IgG), transport of GFP-p58 was unaffected (Fig. 5D , Sar1T39N+rIgG). We also examined the effect of the anti-EAGE2 antibody on the retrograde transport of GT-GFP in the presence of Sar1T39N. As expected, the antibody did not inhibit the COPIindependent transport of GT-GFP (Fig. 5D , GT-GFP, GolgirER). These results indicate that the relocation of GFP-p58 to the ER is dependent on Sar1T39N and COPI, which was consistent with the results of previous studies that used intact cells . Using the retrograde transport assay for p58 described above, we found that peptides encoding Yip1-56, 1-109 and 57-109 did not inhibit the retrograde transport of p58 to the ER (Fig. 5E) .
Taken together, these results indicated that Yip1A was involved in the COPI-independent retrograde transport of GT-GFP, but had no effect on the COPI-dependent transport of GFP-p58, as shown using semi-intact cell assays.
Discussion
Yip1A belongs to the Yip family of proteins, which contain the Yip domain, and is thought to have a role in membrane trafficking. The localization of Yip1A has been controversial. In yeast, Yip1p is . GFP-p58 in the ER region was bleached and the percentages of fluorescence recovery in the ER at 15 minutes after bleaching are shown in the graph. (C) Semi-intact CHOp58 cells were incubated with rat liver cytosol; cytosol and 5 μg Sar1T39N; cytosol, Sar1T39N and 5 μg anti-EAGE2 antibody; cytosol, Sar1T39N and 5 μg Yip1-56, Yip1-109 or Yip57-109 at 32°C for 1 hour. The cells were fixed and viewed by confocal microscopy. Scale bars: 10 μm. (D) Semi-intact CHO-p58 or semi-intact CHO-GT cells were incubated with control rabbit IgG or anti-EAGE2 antibody in the presence of rat liver cytosol and 5 μg Sar1T39N. The cells were then subjected to the retrograde transport assay for GFP-p58 and GT-GFP. (E) Semiintact CHO-p58 cells were incubated with GST, Yip1-56, Yip1-109 or Yip57-109 in the presence of rat liver cytosol and 5 μg Sar1T39N protein, and then were subjected to the retrograde transport assay for GFP-p58. All results are means ± s.d.
reported to be localized to the Golgi and is essential for ER-to-Golgi transport (Yang et al., 1998) . In mammalian cells, Yip1A is reported to localize to the ERES and the Golgi complex (Tang et al., 2001) or to the ERGIC (Yoshida et al., 2008) . It has been reported that the cytosolic N-terminal domain of Yip1A binds to Sec23 or Sec24 and its overexpression blocks VSVG transport (Tang et al., 2001) . In this study, we first raised an antibody against Yip1A that could be used for immunostaining of the endogenous protein to examine the precise localization of Yip1A. Several morphological assays revealed that Yip1A specifically colocalized with ERGIC53, which is a marker protein for the ERGIC (Fig. 1) . However, we also found that Yip1A regulated the membrane association of Rab6 (Fig. 3) , which localizes to the late Golgi or TGN (Goud et al., 1990; Antony et al., 1992) . We cannot exclude the possibility that Yip1A relocates transiently to the late Golgi or TGN and functions there.
Previously, we reported that Yip1A-GFP is dispersed throughout the ER but is concentrated at the ERES in CHO-Yip cells, a stable cell line that expresses Yip1A-GFP (Kano et al., 2004) . We observed that the punctate structures in which Yip1A-GFP accumulated sometimes jumped between one ER tubule and another, but were never targeted to the Golgi complex. We hypothesized that the different localization of Yip1A-GFP and endogenous Yip1A might be due to the effect of the protein tag. To compare the effect of different tags on Yip1A localization, we expressed GFP-or HAtagged Yip1A in CHO cells and examined their localization. We found that HA-Yip1A was present in perinuclear structures and punctate structures, which corresponded to the ERGIC, whereas Yip1A-GFP was found in the ER and the ERES, but not in the Golgi, as previously reported. This indicated that the addition of protein tags could easily lead to the perturbation of Yip1A localization. Therefore, the protein tag that is used to investigate Yip1A function needs to be selected carefully.
Yoshida and colleagues (Yoshida et al., 2008) demonstrated that knockdown of YIPF5 (Yip1A), induced the partial Golgi disruption but did not affect anterograde transport of VSVG and soluble protein secretion. From these results, they supposed the possibility that the knockdown of Yip1A reduced fusion of retrograde vesicles budded from the ERGIC or the cis-Golgi to the ERGIC or the ER, so that net flow of membranes and Golgi-resident proteins back to the Golgi complex is reduced resulting in shrinkage and fragmentation of the Golgi without affecting the anterograde protein transport. However, there is a discrepancy between their results and ours about the Golgi morphology in Yip1A-knockdown cells. They found that the Golgi was partially fragmented in about 26% of the Yip1A-knockdown cells. In our study, we could not detect any significant morphological changes in the Golgi complex, or even any changes in the distribution of βCOP, in Yip1A-knockdown cells. In our HeLa cell line, approximately 19% of cells in control and Yip1A-knockdown cells contained partially disrupted Golgi complex. Changes in the morphology of the Golgi during the cell cycle in mammalian cells are fairly common. Therefore it was difficult for us to evaluate precisely the extent of disruption of the Golgi that was induced by Yip1A knockdown in this study. In addition, we used a different siRNA for Yip1A knockdown. The difference in the extent of knockdown might lead to the different results in the Golgi morphology.
Using the transport assays, we found that Yip1A is involved in COPI-independent retrograde transport from the Golgi to the ER. In addition, a recombinant protein that consisted of the N-terminal portion (amino acids 1-56 or 1-109) of Yip1A fused to GST inhibited retrograde transport, but had no effect on anterograde transport (Fig. Journal of Cell Science 122 (13) 4C) or the retrograde transport of GFP-p58 from the ERGIC to the ER (Fig. 5) . The inhibition of retrograde transport was also confirmed by the knockdown of Yip1A in intact HeLa cells. Gene silencing of Yip1A by RNAi delayed the retrograde transport of Stx from the Golgi to the ER (Fig. 2C,D) , but not the anterograde transport of VSVG ( Fig. 2A,B) , nor the retrograde transport of GFP-CI-MPR from endosomes to the Golgi (supplementary material Fig.  S3 ). This paper is the first report that demonstrates the involvement of Yip1A in COPI-independent retrograde transport from the Golgi to the ER. It was an unexpected result because there have been many reports that show a possible involvement of Yip1A in anterograde transport. For example, Yip1A is known to bind to Sec23 and Sec24 (Tang et al., 2001) , which are components of COPII vesicles that are required for vesicle budding from the ER, and overexpression of the N-terminal peptide of Yip1A leads to the inhibition of VSVG transport at the ER-Golgi interface. Yang and co-workers (Yang et al., 1998) reported that a yeast Yip1 mutant shows defects in secretion and an accumulation of ER membranes. Others have also demonstrated that Yip1p functions at an early stage in ER vesicle budding (Barrowman et al., 2003; Heidtman et al., 2003) . On the contrary, we found that VSVG transport from the ER to the plasma membrane via the Golgi complex occurred normally in Yip1A-knockdown cells (Fig. 2B) , and GST-tagged Yip1-56 or 1-109 did not inhibit the anterograde transport of GT-GFP (Fig. 4C) . One possible explanation for the discrepancy between our results and others is that Yip1A might need to bind to COPII components to be delivered to the ERGIC, possibly as a cargo. Therefore, overexpression of the N-terminal domain of Yip1A might inhibit the budding of vesicles that contain VSVG, and thus result in the inhibition of its transport. In addition, the Yip family is conserved in eukaryotes including Saccharomyces cerevisiae, which lacks the ERGIC, and mammalian cells, which show distinct ERGIC clusters. Therefore Yip1A, which is localized to the ERGIC in mammalian cells, might be involved in other functions in addition to mediating the early steps of anterograde transport from the ER.
As shown in Fig. 2D , knockdown of Yip1A delayed the retrograde transport of Stx, but did not completely inhibit its transport. This suggests that Yip1A might not be an essential factor, but rather a regulator of the retrograde transport. However, we could not rule out the possibility that the small amount of Yip1A that remained in the Yip1A-knockdown cells was sufficient to drive the retrograde transport in a delayed manner. We surmised that one step that could be regulated by Yip1A was the membrane association of Rab6, which is known to be involved in COPI-independent retrograde transport from the Golgi to the ER. In this study, we showed that Rab6 dissociated from the Golgi membrane in Yip1A-knockdown HeLa cells (Fig. 3) . Western blotting analysis also demonstrated that the amount of membrane-associated Rab6 in these cells decreased to approximately 50% of that in the control cells, and immunofluorescence studies revealed that a substantial amount of Rab6 dissociated from the Golgi complex into the cytoplasm in Yip1A-knockdown cells (Fig. 3C ).
Grigoriev and colleagues (Grigoriev et al., 2007) reported that Rab6 regulates exocytic transport by enhancing the processive kinesindependent movement of secretory vesicles from the Golgi to the plusends of microtubules. They demonstrated that the secretion of VSVG was delayed, but not completely abolished, in Rab6-knockdown cells. We found that Yip1A knockdown reduced the amount of Golgiassociated Rab6. These results suggest that anterograde transport of VSVG should be delayed in Yip1A-knockdown cells, in which Rab6 Yip1A in Golgi-to-ER transport has dissociated from the Golgi membranes. However, VSVG was transported normally from the ER to the plasma membrane via the Golgi in Yip1A-knockdown cells (Fig. 2B) and Yip1A seemed rather to be involved in retrograde transport from the Golgi to the ER (Fig.  2D) . We suppose that the discrepancy is due to a difference in the amount of Rab6 in their experiments and ours. In the paper by Grigoriev et al. (Grigoriev et al., 2007) , Rab6 was depleted by at least 90% upon RNAi. In our study, the total amount of Rab6 did not change, but approximately 50% of the Golgi-associated Rab6 was dissociated from the Golgi membrane in the Yip1A-knockdown cells compared with the control cells. The retention of 50% of the Golgi-associated Rab6 might be sufficient for VSVG transport in Yip1A-knockdown cells. Another possibility is that VSVG transport might be dependent on vesicle-associated Rab6, but not on Golgiassociated Rab6. Grigoriev et al. (Grigoriev et al., 2007) showed that Rab6 is present on exocytotic vesicles and directs the targeting of secretory vesicles to the plasma membrane. Therefore, Rab6 that is associated with the exocytotic vesicles might be responsible for controlling VSVG trafficking, and Rab6 on the Golgi membranes might have a different function. However, we could not rule out the possibility that the different subtypes of Rab6 have different functions, and that the subtype of Rab6 that was depleted in the their paper (Grigoriev et al., 2007) is different from that of the Rab6 that was dissociated from the Golgi by Yip1A knockdown in our study. There are three subtypes of Rab6: Rab6A, Rab6AЈ and Rab6B. Rab6A and Rab6AЈ are expressed in HeLa cells, but Rab6B is expressed specifically in brain and is absent from HeLa cells (Opdam et al., 2000) . Because of the high similarity in amino acid sequence between Rab6A and Rab6AЈ, we could not identify the precise Rab6 isoforms that dissociated from the Golgi in Yip1A-knockdown cells. Specific antibodies against the Rab6 isoforms will allow us to define the specific function of each individual isoform.
An interaction between Rab proteins and Yip1A is plausible because the Yip family is considered to act as a regulator of Rab GTPase function. Indeed, Sivars et al. (Sivars et al., 2003) reported that mammalian Yip3, a member of the Yip family, dissociates the complex between Rab9 and Rab-GDI and thus enables Rab9 to bind to endosomal membranes. In addition, Calero and co-workers (Calero et al., 2003) reported that Yip1A could interact with yeast Rab6 in yeast. However, it is difficult to assume that Yip1A is a direct membrane receptor for Rab6 for the following reasons. First, we could not detect any interaction between Rab6 and Yip1A in vitro or in vivo by immunoprecipitation. We expressed HA-or Myctagged Yip1A or Rab6 proteins in HeLa cells and performed coimmunoprecipitation experiments. We also made GST-tagged recombinant proteins and examined the direct interaction of GSTYip1A and GST-Rab6 in vitro. Unfortunately, however, we could not detect any interaction between them. Second, the localization of Rab6 and Yip1A was not identical. We could not perform dual immunostaining of Yip1A and Rab6 because the antibodies against both these proteins were produced in rabbits. Therefore, we expressed GFP-tagged Rab6 in HeLa cells and examined the colocalization of Yip1A and Rab6 in these cells. This revealed that GFP-Rab6 and Yip1A did not completely colocalize, although they were adjacent to each other (F.K., unpublished). Third, we could detect, both biochemically and morphologically, a substantial dissociation of Rab6 into the cytoplasm in Yip1A-knockdown cells, but complete dissociation was not observed. At present, we cannot discriminate whether Yip1A functions transiently or partially in the late Golgi or TGN as a direct receptor for Rab6, or whether Yip1A could regulate the localization of Rab6 via other Golgi-associated protein factors, which remain to be identified. In support of the latter, the intracellular localization of Rab proteins is not perturbed in yip3Δ or rtn1Δ mutants in yeast (Geng et al., 2005) . Further studies are needed to identify these factors.
In this study, a novel function of Yip1A as a regulator of retrograde transport from the Golgi to the ER was revealed. Finding the binding partners of Yip1A might help to elucidate the precise molecular mechanisms by which Yip1A functions in the transport. Our transport assay would be suitable for examining the functions of binding partner in the retrograde transport.
Materials and Methods
Cells CHO-GT8 cells, which constitutively express a protein that comprises amino acids 1-60 of galactosyltransferase fused with GFP (GT-GFP) (Kano et al., 2000) , were maintained as described previously (Kano et al., 2000; Kano et al., 2004) . We established and maintained the CHO-p58 cells, which express GFP-tagged p58, according to the same protocol as for the CHO-GT8 cells. HeLa cells were maintained in DMEM supplemented with 10% FCS and penicillin-streptomycin (Gibco).
Reagents and antibodies
GTP, ATP, creatine phosphate, creatine kinase, and protease inhibitors (antipain, chymostatin, pepstatin A, and leupeptin) were obtained from Sigma. Propidium iodide was purchased from Molecular Probes. ER tracker Blue-White DPX was purchased from Invitrogen. Other reagents were purchased from Wako Chemicals. The following antibodies were used: mouse monoclonal anti-βCOP antibody (clone maD; Sigma), rabbit polyclonal antibodies against Rab6 (C-19) and Rab1b (Santa Cruz Biotechnology), mouse monoclonal anti-Rab33b antibody (Frontier Science), rabbit anti-mannosidase II antibody (Chemicon), mouse monoclonal anti-GAPDH antibody (Chemicon), mouse monoclonal anti-GM130 antibody, anti-p230 antibody, and antip115 antibody (BD Transduction Laboratories), mouse anti-HSP47 antibody (Stressgen), mouse anti-Sec31A antibody (BD Transduction Laboratories). The mouse anti-ERGIC53 antibody was a gift from Hans-Peter Hauri (University of Basel, Basel, Switzerland). The polyclonal antibodies against Yip1A, YIPN and B8460, were raised in rabbits that had been immunized with a Yip1A peptide (FYQTSYSIDEQSQ and YSKQYAGYDYSQQGRFVPPD, respectively) by standard procedures (Scrum, Japan or Multiple Peptide Systems, San Diego, CA). The polyclonal antibody against βCOP (EAGE2) was prepared as described (Duden et al., 1991) .
Plasmids
The construct for GFP-tagged VSVGts045 was a gift from Jennifer LippincottSchwartz (National Institutes of Health, Bethesda, MD). To synthesize the GFP-p58 construct, a cDNA fragment that encoded enhanced GFP (EGFP) was inserted between the nucleotides that encoded the signal peptide (MAVSRRRGPQA -GAQSFFCALLLSFSQFVGS) and the subsequent amino acids of rat p58, which had been amplified from a rat brain cDNA library by PCR, in the mammalian expression vector, pCI-neo (Promega).
RNAi
A small interfering RNA (siRNA) against human Yip1A (Ambion, ID 127564) or a scrambled siRNA (Ambion) was transfected into HeLa cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Assay to measure the retrograde transport of Shiga toxin 1 Cy2-labelled Stx (Stx-Cy2) was prepared as described previously (Nishikawa et al., 2006) . Shiga toxin 1 (Stx1) is produced by enterohemorrhagic Escherichia coli, and is identical to Shiga toxin produced by Shigella dysenteriae. Semi-confluent HeLa cells that had been transfected with siRNAs were placed on ice for 5 minutes, and then incubated with 1 μg/ml Stx-Cy2 on ice for 30 minutes. After washing twice with PBS, pre-warmed medium was added to the cells and they were incubated for the indicated times. The cells were then fixed and observed using a confocal microscope. We defined the cells in which Stx-Cy2 had accumulated in juxtanuclear structures as containing Stx-Cy2 in the Golgi, cells that showed the clear appearance of the toxin in the nuclear envelope and cytoplasmic reticular structures as containing Stx-Cy2 in the ER, and cells in which Stx-Cy2 was scattered in cytoplasmic punctate structures as containing the toxin in other organelles such as endosomes. We counted the number of cells that contained Stx-Cy2 in these locations. For all experiments, three independent transport assays were performed, and the percentages of cells in which Stx-Cy2 was in the Golgi or the ER are shown.
Assay to measure the anterograde transport of GFP-tagged VSVGts045 39°C for 24 hours to allow the accumulation of the VSVG protein within the ER, and subsequently incubated at 32°C for the indicated times to induce the transport of VSVG from the ER. The cells were divided into three classes upon examination under the microscope. The first class comprised cells in which VSVGts045-GFP was present only in the ER network, i.e. the VSVG was localized to a reticular network throughout the cytoplasm; the second corresponded to cells in which VSVG accumulated in the juxtanuclear structures; and the third, cells in which VSVG appeared at filopodia or lamellipodia. The number of cells in each class was counted. Cells in which VSVGts045-GFP was present in both the ER and the Golgi were assigned to the second class. Then, we calculated the percentage of cells in which VSVGts045-GFP was localized to the ER, the Golgi, or the plasma membrane. For all experiments, three independent transport assays were performed, and the means and standard deviations were plotted.
Measurement of the anterograde and retrograde transport of GT-GFP
Semi-confluent CHO-GT8 cells were treated with 10 μg/ml cycloheximide (CHX) at 37°C for 30 minutes to inhibit protein synthesis. The CHO-GT8 cells were then permeabilized with streptolysin O (SLO) as described (Kano et al., 2000) . In our semi-intact cell assays, we identified individual semi-intact cells whose nuclei were stained with propidium iodide (PI) by light microscopy. PI is a membrane-impermeable nucleotide dye. We used PI as a marker for permeabilization of the semi-intact cells. The semi-intact CHO-GT8 cells were added to a reaction mixture that contained cytosol (protein concentration: 2.5-3.0 mg/ml), an ATP-regenerating system (1 mM ATP, 8 mM creatine kinase and 50 μM creatine phosphate), 1 mM GTP, 1 mg/ml glucose, and 10 μg/ml CHX, and the sample was placed on the stage of an LSM510 confocal microscope that was equipped with a temperature control unit (Zeiss). Cytosol from L5178Y cells was prepared as described (Kano et al., 2000) . Rat liver cytosol was a gift from Masao Sakaguchi (University of Hyogo, Japan). An image of the whole cell was first obtained at low laser power. For the retrograde transport assay, the gain was increased because the GT-GFP signal in the ER was relatively weak. The focal plane was adjusted in order that the Golgi was clearly defined for the anterograde transport assay or the ER for the retrograde transport assay. At least one image was taken at imaging power (1% laser power) before bleaching to allow the steady-state distribution of GT-GFP to be quantified. Fluorescence within the Golgi or ER region was then almost completely bleached by scanning through successive focal planes at maximum laser power. The recovery of fluorescence within the Golgi (or ER) region was monitored by imaging, at 1% laser power, in the originally selected focal plane every 5 seconds for at least 10 minutes, or at 10 minutes. No significant photobleaching of GT-GFP was observed over the time course of the experiments. We arbitrarily assigned the average intensity of fluorescence in a selected region of the Golgi (or ER) in the prebleached cells as 100% and in the bleached cells as 0%. For all experiments, three independent transport assays were performed, and the means and s.d. were plotted.
Recombinant proteins
To produce recombinant mouse Yip1A polypeptides as glutathione S-transferase (GST) fusion proteins, cDNA fragments that encoded the N-terminal domain of mouse Yip1A (amino acids 1-56, 1-109 or 57-109) were amplified by PCR from a mouse brain cDNA library and subcloned into the XhoI site of pGEX-5X-1 (GE Healthcare). GSTtagged Yip1A peptides were purified according to the method as described (Kihara et al., 2008) . Recombinant dominant negative mutant Sar1T39N were prepared as described (Rowe and Balch, 1995) .
Assay to measure the retrograde transport of GFP-p58
Semi-confluent CHO-p58 cells were permeabilized using SLO, and incubated with rat liver cytosol (protein concentration: 2.5-3.0 mg/ml), 5 μg recombinant Sar1T39N protein, and the indicated antibodies or proteins at 32°C for 1 hour. After washing with TB, the cells were fixed and observed using a confocal microscope. We counted the number of cells in which GFP-p58 had relocated completely to the ER. Three independent experiments were performed and the means and s.d. for the percentages of cells in which GFP-p58 was localized to the ER are shown in the graph. For FRAP assay, the fluorescence recovery within the bleached ER region in CHO-p58 cells was monitored in the same way as the retrograde transport assay of GT-GFP.
